Novel enantiopure azacrown [(R,R)-1 and (S,S)-1] and diazacrown [(R,R)-2-(R,R)-4 and (S,S)-2-(S,S)-4] ethers containing a pyrene fluorophore unit and two phenyl groups at their chiral centers were obtained in multistep syntheses. The action of these chemosensors is based on the photoinduced electron transfer (PET) process, thus they show fluorescence enhancement in the presence of protonated primary amines and amino acid esters. Their recognition abilities toward the enantiomers of 1-phenylethylamine hydrogen perchlorate (PEA), 1-(1-naphthyl) ethylamine hydrogen perchlorate (NEA), phenylglycine methyl ester hydrogen perchlorate (PGME), and phenylalanine methyl ester hydrogen perchlorate (PAME) were examined in acetonitrile using fluorescence spectroscopy.
Introduction
Host-guest molecular recognition of organic ammonium ions is important in a variety of processes such as the interaction of molecules bearing ammonium ions with protein receptors [1] . Our current research in molecular recognition focuses on the interactions of fluorescent optically active crown ethers with protonated chiral primary amines and amino acid esters. Discrimination of the enantiomers of biologically active primary amines, amino acids, and amino alcohols including neurotransmitters, vital α-amino acids, and active pharmaceutical ingredients is also of great importance because of the potentially diverse physiological effects of such species [2] . The sensing based on fluorescence is attractive due to the selectivity, high sensitivity and quick response time of fluorescence spectroscopy [3] . Great efforts have been made on the design, synthesis, and use of chiral fluorescent chemosensors [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The first use of photophysical techniques for elucidation of chiral recognition by crown ethers was reported in 1980 [20] . Since then, other optically active crown ethers containing different fluorophore units have been synthesized to this purpose, and their enantiomeric discrimination abilities toward the enantiomers of primary amines, amino acids, amino alcohols, and their derivatives were investigated [21, 22] . Some of them were tested with both protonated primary amines and amino acid esters [21] [22] [23] [24] [25] [26] .
Certain free fluorescent sensor molecules have poor fluorescence due to an efficient quenching process (photoinduced electron transfer, PET) in the excited state. Upon complexation with different cationic guests they show fluorescence enhancement, by this providing a very sensitive response to such analytes [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Using PET type fluorescent chemosensors is advantageous, because their behavior can be predicted; therefore, for example, guest-induced 'off-on' fluorescence is designable [27, 33] . These sensor molecules have a 'fluorophore-spacer-receptor' structure, in which distinct components perform each one of the necessary functions. The fluorophore unit is the site of excitation and emission, and the receptor unit is responsible for guest complexation. The spacer, which is often a short alkylene group, holds the fluorophore and receptor close to, but separate from, each other. Several host molecules possessing the modular structure referred above, among them crown ethers too, have been synthesized, and their selectivities for different metal ions or organic cations have been studied [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Some reported aza-and azathiacrown ethers contain a pyrene fluorophore unit attached by a methylene spacer to the nitrogen atom of the crown ether, which enables PET type fluorescence response in the presence of inorganic cations [38] [39] [40] [41] [42] . Optically active azacrown etherbased PET chemosensors having a modular structure and a binaphthyl chiral unit [43] or alkyl groups at their chiral centers [44] were also synthesized. Their enantiomeric recognition abilities toward chiral ammonium salts [43, 44] and potassium mandelate [44] were examined.
Considering these results, we designed and synthesized novel enantiopure azacrown [(R,R)-1 and (S,S)-1] and diazacrown [(R,R)-2-(R,R)-4 and (S,S)-2-(S,S)-4] ethers ( Fig. 1) having phenyl groups at their stereogenic centers and a pyrene fluorescent signaling unit attached through a methylene bridge to the nitrogen atom of the macrocycles. Studies on the molecular recognition abilities of these fluorescent sensor molecules toward the enantiomers of protonated chiral primary amines and amino acid esters were performed in acetonitrile using fluorescence spectroscopy.
Results and discussion 2.1 Synthesis
The synthesis of new azacrown ether derivatives (R,R)-1 and (S,S)-1 ( Fig. 1 ) was carried out as outlined in Scheme 1. Pyren-1-ylmethanamine (5) [45] was heated with (R)-phenyloxirane and (S)-phenyloxirane in methanol in sealed tubes to give enantiopure aminodiols (R,R)-6 and (S,S)-6, respectively. Azacrown ether derivatives (R,R)-1 and (S,S)-1 were prepared by a macrocyclization reaction starting from aminodiol (R,R)-6 or (S,S)-6 and tetraethylene glycol ditosylate (7) [46] in THF using sodium hydride as a strong base.
The preparation of diazacrown ethers (R,R)-2-(R,R)-4 and (S,S)-2-(S,S)-4 is shown in Scheme 2. Bis(2methoxyphenyl)amine (8) [47] was treated with methyl iodide in THF in the presence of sodium hydride to obtain N-methylated amine 9. Diphenol 10 has already been synthesized, but not fully characterized [48, 49] . For the synthesis of diphenol 10, selective O-demethylation of amine 9 was carried out with anhydrous aluminium chloride in chlorobenzene adopting the procedure [50] described for the synthesis of N-formyl analogue 11. Diphenol derivatives 11 and 10 were reacted with benzyl protected ethylene glycol tosylate (12) [51] in acetonitrile using potassium carbonate to furnish formamide derivative 13 and tertiary amine 14, respectively. Diols 15 and 16 were prepared from O-benzyl protected derivatives 13 and 14 by catalytic hydrogenolysis in methanol. Tosylation of diols 15 and 16 in dichloromethane gave ditosylates 17 and 18 in very good yields. Formamide derivative 15 was reacted in the presence of triethylamine as a base, while N-methyl derivative 16 was tosylated using aqueous potassium hydroxide. The macrocyclization reactions of ditosylates 17 and 18 with aminodiol (R,R)-6 or (S,S)-6 were carried out in DMF in the presence of sodium hydride. The reactions of 17 rendered (R,R)-2 and (S,S)-2 due to deformylation. Sensor molecules (R,R)-4 and (S,S)-4 were We worked out another route for the synthesis of diazacrown ether (S,S)-4 through novel enantiopure precursors (Scheme 3), which can be useful for the preparation of enantioselective fluorescent sensor molecules. Methoxymethyl (MOM)-protected ethylene glycol 19 [52] was tosylated to obtain tosylate 20. Reaction of the latter with enantiopure aminodiol (R,R)-6 or (S,S)-6 was carried out in a mixture of THF and DMF using sodium hydride as a base to give MOM ethers (R,R)-21 and (S,S)-21. The removal of the MOM protecting groups of (R,R)-21 and (S,S)-21 by aqueous hydrochloric acid in THF furnished diols (R,R)-22 and (S,S)-22, which were transformed into their ditosylate derivatives (R,R)-23 and (S,S)-23. O-Alkylation of diphenol derivative 10 with (S,S)-23 in acetonitrile using potassium carbonate yielded macrocycle (S,S)-4.
Complexation studies
Azacrown ethers (R,R)-1 and (S,S)-1 and diazacrown ethers (R,R)-2-(R,R)-4 and (S,S)-2-(S,S)-4 ( Fig. 1 ) have a modular (fluorophore-methylene spacer-receptor) structure, thereby PET type fluorescence response was expected upon complex formation with various chiral primary ammonium salts. It means that the free sensor molecule has strongly reduced fluorescence due to a quenching process (PET) in the excited state directed from the donor nitrogen atom of the crown ether to the acceptor fluorophore unit. Conversely, coordination of a cation decreases the electron donating ability of the nitrogen atom, which induces a significant fluorescence enhancement without spectral shifts.
Crown ethers (R,R)-1-(R,R)-4 and (S,S)-1-(S,S)-4 have phenyl substituents at their chiral centers. Besides the other aromatic moieties in the receptors, these phenyl substituents can also participate in π-π interactions with the aromatic units and carbonyl groups of the ammonium cation guests or lone pair-π interactions with the carbonyl groups of amino acid esters [53, 54] .
The recognition abilities of these ligands toward the enantiomers of 1-phenylethylamine hydrogen perchlorate (PEA), 1-(1-naphthyl)ethylamine hydrogen perchlorate (NEA), phenylglycine methyl ester hydrogen perchlorate (PGME), and phenylalanine methyl ester hydrogen perchlorate (PAME) (Fig. 2) were studied in acetonitrile by UV-vis and fluorescence spectroscopies. The absorption spectra of azacrown ethers (R,R)-1 and (S,S)-1 showed very small changes upon addition of the chiral primary ammonium salts. During the titrations of diazacrown ethers (R,R)-2-(R,R)-4 and (S,S)-2-(S,S)-4 with these chiral guests, small spectral changes could be observed ( Fig. 3) .
However, the addition of PEA, NEA, PGME, and PAME to sensor molecules (R,R)-1-(R,R)-4 and (S,S)-1-(S,S)-4 resulted in large fluorescence enhancement ( Fig. 4 ). In all cases, restoration of the pyrene fluorescence with emission bands at 378, 397, and 417 nm could be observed, because complexation of the chiral ammonium guests inhibited the PET quenching directed from the (trialkylamine type) nitrogen to the pyrene unit. Moreover, sensor molecules (R,R)-2, (S,S)-2, (R,R)-4, and (S,S)-4 showed decreases in their broad emission band above 450 nm upon complexation (Figs. 4B, D). This band, which was much more pronounced in the cases of ligands (R,R)-2 and (S,S)-2, can be attributed to the emission of an intramolecular exciplex formed by the pyrene-diphenylamine interaction.
All the fluorescence spectral changes were evaluated using global nonlinear regression analysis. The titration series of spectra could be fitted satisfactorily for 1:1 complex formation, and the stability constants (Table 1) as well as the degrees of enantiomeric differentiation ( Table 2) were calculated.
The results in Table 1 show that macrocycles (R,R)-1-(R,R)-4 and (S,S)-1-(S,S)-4 form thermodynamically stable complexes with chiral primary ammonium cations. The strongest binding of the enantiomers of PEA was observed in the case of azacrown ethers (R,R)-1 and (S,S)-1 having a more flexible macroring. All the macrocycles formed more stable complexes with NEA than PEA. This can be explained by the presence of the extended aromatic system in the chiral ammonium salt resulting in larger π-π interaction between the host and guest. It can be seen that the stabilities of PGME and PAME complexes are higher than those of PEA and NEA complexes. Diazacrown ethers (R,R)-3 and (S,S)-3 formed significantly more stable complexes with protonated amino acid esters (PGME and PAME) than with protonated primary amines (PEA and NEA), which make them suitable for selective sensing the former type species (Fig. 5 ). It can be mentioned that other reported fluorescent optically active crown ethers, which were tested with these two types of guests, did not show such extent of difference in their binding affinities [21] [22] [23] [24] [25] [26] .
Dibenzo-diazacrown ethers (R,R)-2-(R,R)-4 and (S,S)-2-(S,S)-4 have a more rigid system compared to azacrown ethers (R,R)-1 and (S,S)-1; therefore, the observation of their enantiomeric discrimination ability toward the enantiomers of the strongly bound primary ammonium salts was expected. Unfortunately, the sensor molecules revealed practically no enantiomeric recognition ability as the data in Table 2 show.
Conclusion
The synthesis and characterization of novel enantio- and their broadly applicable precursors have been performed. The complex formation of the eight chiral ligands with the enantiomers of PEA, NEA, PGME, and PAME was studied by fluorescence spectroscopy using acetonitrile as a solvent. The sensor molecules exhibited PET type fluorescence response in the presence of these primary ammonium salts as expected. Complexation of the chiral guests was accompanied with large fluorescence enhancement in all cases; however, the macrocycles showed no enantiomeric recognition ability. Diazacrown ethers (R,R)-3 and (S,S)-3 formed significantly more stable complexes with protonated amino acid esters (PGME and PAME) than with protonated primary amines (PEA and NEA), thus these ligands can be good candidates for selective sensing of guests of the former type.
Experimental 4.1 General
All reagents were purchased from Sigma-Aldrich Corporation unless otherwise noted. Compounds 7 [46] , 8 [47] , 11 [50] , and 12 [51] were prepared as reported in the respective literature. All reactions were monitored Table 1 Stability constants for complexes of (R,R)-1-(R,R)-4 and (S,S)-1-(S,S)-4 with the enantiomers of chiral primary ammonium salts in MeCN Table 2 Degrees of enantiomeric discrimination of (R,R)-1-(R,R)-4 and (S,S)-1-(S,S)-4 toward the enantiomers of chiral primary ammonium salts
Fig. 5
Fluorescence emission spectra of free (S,S)-3 (20 µM), with 1 equiv. of (R)-PEA, with 1 equiv. of (R)-PGME, and with 1 equiv. of (R)-PEA and 1 equiv. of (R)-PGME together in MeCN, λ ex = 344 nm by TLC and visualized by UV lamp (254 nm). Silica gel 60 F 254 (Merck) and aluminium oxide 60 F 254 neutral type E (Merck) plates were used for TLC. Silica gel 60 PF 254 (Merck) and aluminium oxide F 254 type E (Merck) plates were used for preparative TLC. Silica gel 60 (70-230 mesh, Merck) and aluminium oxide (neutral, activated, Brockman I) were used for column chromatography. Ratios of solvents for the eluents are given in volumes (mL/mL). Solvents were dried and purified according to well established methods [55] . Evaporations were carried out under reduced pressure.
Melting points were taken on a Boetius micro-melting point apparatus and are uncorrected. Enantiomeric excess (ee) values were determined by chiral HPLC systems. Chiral separation of (R,R)-1 and (S,S)-1 enantiomers was carried out on an Agilent 1100 liquid chromatography system. Chromatographic analysis was performed using heptane-iPrOH 93:7 mixture as an eluent in isocratic elution ( 2 min for (S,S)-3, 7.6 min for (R,R)-4, and 6.9 min for (S,S)-4. Chiral separation of (R,R)-6 and (S,S)-6 enantiomers was carried out on a VWR-Hitachi LaChrom Elite ® liquid chromatography system. Chromatographic analysis was performed using heptane-EtOH mixture as an eluent in gradient elution (5-45 % EtOH, 1.0 mL/min, 40 °C) on a Reprosil Chiral-MIA column (5 μm, 100 × 4.6 mm). Detector wavelength: 235 nm. Retention times: 7.7 min for (R,R)-6 and 6.4 min for (S,S)-6. Optical rotations were taken on a Perkin-Elmer 241 polarimeter that was calibrated by measuring the optical rotations of both enantiomers of menthol. Infrared (IR) spectra were recorded on a Bruker Alpha-T FT-IR spectrometer. 1 H (500 MHz) and 13 UV-vis spectra were taken on a Unicam UV4-100 spectrophotometer. Quartz cuvettes with path length of 1 cm were used. Fluorescence emission spectra were recorded on a Perkin-Elmer LS 50B luminescent spectrometer and were corrected by the spectrometer software. Quartz cuvettes with path length of 1 cm were used. Enantiomers of PEA, NEA, PGME, and PAME were prepared in our laboratory [56] . The concentrations of sensor molecules were 0.2, 2 or 20 μM during the fluorescence titrations. Stability constants of the complexes were determined by global nonlinear regression analysis using SPECFIT/32 TM software.
General procedure for the synthesis of sensor molecules (R,R)-1 and (S,S)-1
A suspension of NaH (51 mg, 1.3 mmol, 60 % dispersion in mineral oil) was stirred vigorously in pure and dry THF (0.5 mL) under Ar for 5 min. To this suspension was added slowly aminodiol (R,R)-6 or (S,S)-6 (100 mg, 0.212 mmol) dissolved in pure and dry THF (2 mL). The mixture was stirred at rt for 10 min and at reflux temperature for 4 h. The mixture was cooled down to -60 °C, and tetraethylene glycol ditosylate 7 [46] (138 mg, 0.275 mmol) dissolved in pure and dry THF (3 mL) was added in 5 min. After addition of the ditosylate 7 the reaction mixture was allowed to warm up slowly to rt, and it was stirred at this temperature overnight. The solvent was evaporated, and the residue was dissolved in a mixture of EtOAc (10 mL) and brine (4 mL). The phases were shaken thoroughly and separated. The aqueous phase was extracted with EtOAc (3 × 10 mL). The combined organic phase was dried over anhydrous MgSO 4 , filtered and evaporated. The crude product was purified first by column chromatography on alumina using EtOH-toluene 1:200 mixture as an eluent then by preparative TLC on silica gel using EtOAc-hexane 1:2 mixture as an eluent to give receptor (R,R)-1 or (S,S)-1 as yellow crystals. . Spectral data and other physical properties of macrocycle (S,S)-1 were the same as those of macrocycle (R,R)-1 reported above.
(14R,18R)-14,18-Diphenyl

General procedure for the synthesis of sensor molecules (R,R)-2 and (S,S)-2
A suspension of NaH (102 mg, 2.55 mmol, 60 % dispersion in mineral oil) was stirred vigorously in pure and dry DMF (0.5 mL) under Ar for 5 min. To this suspension was added slowly aminodiol (R,R)-6 or (S,S)-6 (200 mg, 0.424 mmol) dissolved in pure and dry DMF (2 mL) at -60 °C. The resulting mixture was stirred at 50 °C for 1 h. The mixture was cooled down to -60 °C, and ditosylate 17 (288 mg, 0.460 mmol) dissolved in pure and dry DMF (3.5 mL) was added in 5 min. After addition of the ditosylate 17 the reaction mixture was allowed to warm up slowly to rt, and it was stirred at this temperature overnight. The solvent was evaporated, and the residue was dissolved in a mixture of EtOAc (30 mL) and brine (10 mL). The phases were shaken thoroughly and separated. The aqueous phase was extracted with EtOAc (2 × 30 mL). The combined organic phase was dried over anhydrous MgSO 4 , filtered and evaporated. The crude product was purified by column chromatography on alumina using hexane saturated with acetonitrile as an eluent to give receptor (R,R)-2 or (S,S)-2 as whitish crystals. 3.1 (9R,13R)-9,13-Diphenyl-11-(pyren-1-ylmethyl)-6,7,10,11,12,13,15,16-octahydro . Spectral data and other physical properties of macrocycle (S,S)-2 were the same as those of macrocycle (R,R)-2 reported above.
4.
General procedure for the synthesis of sensor molecules (R,R)-3 and (S,S)-3
To a stirred solution of (R,R)-2 or (S,S)-2 (50 mg, 0.069 mmol) in iPr 2 O (2 mL) was added a mixture of HCOOH (0.30 mL, 0.37 g, 8.0 mmol) and Ac 2 O (0.68 mL, 0.73 g, 7.2 mmol) dropwise. The reaction mixture was stirred at boiling temperature for 2 h and then it was allowed to cool down to rt. The volatile components were removed, and the residue was dissolved in a mixture of 25 % aqueous Me 4 NHCO 3 solution (5 mL) and EtOAc (10 mL) at 0 °C. The phases were shaken thoroughly and separated. The aqueous phase was extracted with EtOAc (3 × 10 mL). The combined organic phase was dried over anhydrous MgSO 4 , filtered and evaporated. The crude product was purified by preparative TLC on silica gel using EtOAc-hexane 1:3 mixture as an eluent to give receptor (R,R)-3 or (S,S)-3 as whitish crystals. 4.1 (9R,13R) 1.1 (9R,13R) 1.2 (9S,13S)-22-Methyl-9,13-diphenyl-11-(pyren-1-ylmethyl)-6,7,10,11,12,13,15,16-octahydro 
4.
4.5.
Procedure for the synthesis of sensor molecule (S,S)-4 starting from diphenol 10 and ditosylate (S,S)-23
To a suspension of diphenol derivative 10 (24 mg, 0.11 mmol) and finely powdered anhydrous K 2 CO 3 (115 mg, 0.83 mmol) in dry MeCN (2 mL) was added a solution of ditosylate (S,S)-23 (90 mg, 0.10 mmol) in dry MeCN (4 mL) under Ar. The resulting mixture was stirred vigorously at 50 °C, and after the reaction was complete, it was allowed to cool to rt. The solvent was evaporated, and the residue was taken up in a mixture of water (20 mL) and Et 2 O (25 mL). The phases were shaken well and separated. The aqueous phase was extracted with Et 2 O (2 × 25 mL). The combined organic phase was dried over anhydrous MgSO 4 , filtered, and the solvent was removed. The crude product was purified by preparative TLC on alumina using EtOAc-hexane 1:20 mixture as an eluent to give receptor (S,S)-4 (15 mg, 20 %) as yellow crystals. Macrocycle (S,S)-4 had the same physical properties and spectral data as the one prepared above from ditosylate 18 and aminodiol (S,S)-6.
Pyren-1-ylmethanamine (5)
Commercially available pyren-1-ylmethanamine hydrochloride (1.00 g, 3.73 mmol) and NaOH (154 mg, 3.85 mmol) were stirred in EtOH (10 mL) at rt under Ar. The solvent was removed, and the residue was dissolved in a mixture of 5 % aqueous NaOH solution (25 mL) and CH 2 Cl 2 (50 mL).
The phases were shaken well and separated. The aqueous phase was extracted with CH 2 Cl 2 (3 × 50 mL). The combined organic phase was dried over anhydrous MgSO 4 , filtered, and the solvent was evaporated to give free amine 5 [45] (845 mg, 98 %) as a white solid.
General procedure for the synthesis of aminodiols (R,R)-6 and (S,S)-6 containing a pyrene unit
Pyren-1-ylmethanamine (5, 800 mg, 3.46 mmol) and (R)-2phenyloxirane or (S)-2-phenyloxirane (0.99 mL, 1.0 g, 8.6 mmol) were dissolved in dry MeOH (3 mL) and heated in a sealed tube at 80 °C for 4 h. The solvent was evaporated, and the residue was purified by column chromatography on silica gel using EtOAc-hexane 1:4 mixture as an eluent. The product was recrystallized from xylene to give aminodiol (R,R)-6 or (S,S)-6 as white crystals. 7.1 (1R,1'R)-2,2'-[(Pyren-1-ylmethyl 
4.
(1S,1'S)-2,2'-[(Pyren-1-ylmethyl)azanediyl]bis(1phenylethanol) [(S,S)-6]
Yield: 801 mg, 49 %; ee > 99 %; α [ ] D 25 +148.2 (c = 1.00 in acetone). Spectral data and other physical properties of aminodiol (S,S)-6 were the same as those of aminodiol (R,R)-6 reported above.
2-Methoxy-N-(2-methoxyphenyl)-N-methylaniline (9)
A suspension of NaH (6.28 g, 157 mmol, 60 % dispersion in mineral oil) was stirred vigorously in pure and dry THF (20 mL) under Ar for 5 min. To this suspension was slowly added secondary amine 8 [47] (12.0 g, 52.3 mmol) dissolved in pure and dry THF (70 mL) at 0 °C.
The resulting mixture was refluxed for 30 min then a solution of methyl iodide (3.9 mL, 8.9 g, 63 mmol) in pure and dry THF (10 mL) was added dropwise at rt. The reaction mixture was stirred for 2 h at rt. The volatile components were removed, and the residue was dissolved in a mixture of water (300 mL) and Et 2 O (300 mL). The phases were shaken well and separated. The aqueous phase was extracted with Et 2 O (2 × 300 mL). The combined organic phase was dried over anhydrous MgSO 4 , filtered and evaporated. The crude product was purified by column chromatography on silica gel using EtOAc-hexane 1:20 mixture as an eluent to yield amine 9 ( 
2,2'-(Methylazanediyl)diphenol (10)
Dimethoxy derivative 9 (9.24 g, 37.9 mmol) was dissolved in chlorobenzene (93 mL) under Ar then anhydrous AlCl 3 (20.3 g, 152 mmol) was added, and the resulting mixture was stirred at 90 °C for 7 h. After the reaction was complete, the mixture was allowed to cool to rt, and poured into ice-water (138 mL). Concentrated aqueous HCl solution (12.5 mL) was added, and the resulting mixture was stirred for 30 min. The pH of the mixture was adjusted to 8 with NaHCO 3 . The precipitate was filtered off, washed with water (150 mL), and dried. The crude product was recrystallized from toluene to give diphenol 10 ( 
General procedure for the synthesis of precursors 13 and 14 containing benzyl protecting groups
To a solution of formamide derivative 11 [50] (2.29 g, 10.0 mmol) or diphenol 10 (2.15 g, 10.0 mmol) in dry MeCN (66 mL) tosylate 12 [51] (6.74 g, 22.0 mmol) and finely powdered anhydrous K 2 CO 3 (11 g, 80 mmol) were added under Ar. The resulting suspension was stirred vigorously, refluxed, and after the reaction was complete, it was allowed to cool to rt. The mixture was filtered, and the precipitate was washed with MeCN (3 × 15 mL). The solvent was evaporated from the combined MeCN solution, and the residue was taken up in a mixture of water (75 mL) and CH 2 Cl 2 (150 mL). The phases were shaken well and separated. The aqueous phase was extracted with CH 2 Cl 2 (2 × 150 mL). The combined organic phase was dried over anhydrous MgSO 4 , filtered, and the solvent was removed. The crude products were purified as described below for each compound. 10.1 N,N-Bis{2-[2-( 
4.
benzyloxy)ethoxy]phenyl} formamide (13)
Starting from formamide derivative 11 [50] . The crude product was purified first by column chromatography on silica gel using EtOAc-toluene 1:5 mixture as an eluent then by recrystallization from MeOH to yield formamide derivative 13 ( 13 
2-[2-(Benzyloxy)ethoxy]-N-{2-[2-(benzyloxy) ethoxy]phenyl}-N-methylaniline (14)
Starting from diphenol 10. The crude product was purified by column chromatography on silica gel using EtOAchexane 1:10 mixture as an eluent to yield tertiary amine 14 (3.77 
General procedure for the synthesis of diols 15 and 16
Formamide derivative 13 (4.98 g, 10.0 mmol) or tertiary amine 14 (4.84 g, 10.0 mmol) containing benzyl protecting groups was hydrogenated in MeOH (200 mL) in the presence of Pd/C catalyst (500 mg, 10 % palladium on charcoal, activated). After the reaction was complete, the catalyst was filtered off and the volatile components were evaporated to yield diol 15 (3.11 g, 98 %) or 16 (3.03 g, 100 %) as white solids. Smaller amounts were recrystallized from toluene for analytical studies.
N,N-Bis[2-(2-hydroxyethoxy)phenyl]formamide (15)
Starting from formamide derivative 13. Mp: 137 °C (toluene); R f : 0.13 (silica gel TLC, EtOAc-toluene 2:1); IR (KBr) 
2,2'-{[(Methylazanediyl)bis(2,1-phenylene)] bis(oxy)}bis(ethan-1-ol) (16)
Starting from tertiary amine 14. Mp: 85-86 °C (toluene); R f : 0.28 (silica gel TLC, EtOAc-hexane 2:1); IR (KBr) ν max 3442, 3384 (br, OH), 3069, 3025, 3006, 2974, 2944, 2931, 2862, 1588, 1500, 1452, 1366, 1340, 1258, 1243, 1084, 1046, 921, 762, 754, 747 
{[(Formylazanediyl)bis(2,1-phenylene)]bis(oxy)} bis(ethane-2,1-diyl) bis(4-methylbenzenesulfonate) (17)
To a solution of diol 15 (1.58 g, 4.99 mmol) in CH 2 Cl 2 (32 mL) was added tosyl chloride (2.38 g, 12.5 mmol) followed by Et 3 N (8.7 mL, 60 mmol) under Ar, and the resulting mixture was stirred at rt for 21 h. After the reaction was complete, CH 2 Cl 2 (120 mL) and water (80 mL) were added to the reaction mixture. The phases were shaken well and separated. The aqueous phase was extracted with CH 2 Cl 2 (3 × 100 mL). The combined organic phase was shaken successively with 5 % aqueous HCl solution (160 mL) and water (2 × 80 mL) then dried over anhydrous MgSO 4 , filtered, and the solvent was evaporated. The crude product was purified by recrystallization from CH 2 Cl 2 -MeOH mixture to give ditosylate 17 ( 
{[(Methylazanediyl)bis(2,1-phenylene)]bis(oxy)} bis(ethane-2,1-diyl) bis(4-methylbenzenesulfonate) (18)
To a solution of diol 16 (1.00 g, 3.29 mmol) in CH 2 Cl 2 (10 mL) was added tosyl chloride (1.57 g, 8.24 mmol). The mixture was stirred vigorously and cold 40 % aqueous KOH solution (11 mL) was added to it at 0 °C. The resulting emulsion was stirred at rt for 23 h then water (100 mL) and CH 2 Cl 2 (100 mL) were added to it. The phases were shaken well and separated. The aqueous phase was extracted with CH 2 Cl 2 (2 × 50 mL). The combined organic phase was dried over anhydrous MgSO 4 , filtered, and the solvent was evaporated. The crude product was purified by recrystallization from CH 2 Cl 2 -MeOH mixture to give ditosylate 18 ( 
2-(Methoxymethoxy)ethyl 4-methylbenzenesulfonate (20)
To a vigorously stirred mixture of ethylene glycol derivative 19 [52] (1.63 g, 15.4 mmol) containing a MOM protecting group, CH 2 Cl 2 (12 mL), and cold 40 % aqueous KOH solution (17 mL) a solution of tosyl chloride (3.81 g, 20.0 mmol) in CH 2 Cl 2 (12 mL) was added dropwise at 0 °C. The resulting reaction mixture was stirred at rt for 1 day then washed into a separatory funnel with CH 2 Cl 2 (175 mL) and water (75 mL). The resulting mixture was shaken well and separated. The aqueous phase was extracted with CH 2 Cl 2 (3 × 150 mL). The combined organic phase was dried over anhydrous MgSO 4 , filtered and evaporated. The crude product was purified by column chromatography on silica gel using EtOAc-hexane 1:6 mixture as an eluent to give tosylate 20 ( 
General procedure for the synthesis of precursors (R,R)-21 and (S,S)-21 containing MOM protecting groups
A suspension of NaH (510 mg, 12.7 mmol, 60 % dispersion in mineral oil) was stirred vigorously in pure and dry THF (2 mL) under Ar for 5 min. To this suspension was added slowly aminodiol (R,R)-6 or (S,S)-6 (1.00 g, 2.12 mmol) dissolved in pure and dry DMF (5 mL) at -60 °C. The resulting mixture was stirred at rt for 10 min and at 60 °C for 2 h. The mixture was cooled down to 0 °C, and tosylate 20 (1.32 g, 5.07 mmol) dissolved in pure and dry DMF (2 mL) was added. After addition of the tosylate 20, the reaction mixture was allowed to warm up to rt, and it was stirred at this temperature overnight. The solvent was evaporated, and the residue was dissolved in a mixture of Et 2 O (120 mL) and brine (70 mL). The phases were shaken well and separated. The aqueous phase was extracted with Et 2 O (3 × 120 mL). The combined organic phase was dried over anhydrous MgSO 4 , filtered and evaporated. The crude product was purified by column chromatography on silica gel using EtOAc-hexane 1:6 mixture as an eluent. Smaller amounts were purified for analytical studies by preparative TLC on silica gel using EtOAc-hexane 1:3 mixture as an eluent to give diacetal (R,R)-21 or (S,S)-21 as a yellow oil. 
(R)-2-[2-(Methoxymethoxy)ethoxy]-N-{(R)-2-[2-(methoxymethoxy)ethoxy]-2-phenylethyl}-2-phenyl-N-(pyren-1-ylmethyl)ethan-1-amine [(R,R)-21]
(S)-2-[2-(Methoxymethoxy)ethoxy]-N-{(S)-2-[2-(methoxymethoxy)ethoxy]-2-phenylethyl}-2-phenyl-N-(pyren-1-ylmethyl)ethan-1-amine [(S,S)-21]
Yield: 962 mg, 70 %; α [ ] D 25 +7.0 (c = 1.00 in acetone).
Spectral data and other physical properties of precursor (S,S)-21 were the same as those of precursor (R,R)-21 reported above.
General procedure for the synthesis of diols (R,R)-22 and (S,S)-22
To a solution of bis(MOM)-protected diol (R,R)-21 or (S,S)-21 (1.08 g, 1.67 mmol) in THF (8 mL) was added slowly 20 % aqueous HCl solution (50 mL), and the resulting mixture was stirred at 55 °C for 1 h. The solvent was evaporated, and the residue was dissolved in a mixture of saturated aqueous NaHCO 3 solution (100 mL) and EtOAc (100 mL). The phases were shaken well and separated. The aqueous phase was extracted with EtOAc (2 × 100 mL). The combined organic phase was dried over anhydrous MgSO 4 , filtered and evaporated to give unprotected diol (R,R)-22 or (S,S)-22 as white crystals.
2,2'-{[(1R,1'R)-[(Pyren-1-ylmethyl)azanediyl] bis(1-phenylethane-2,1-diyl)]bis(oxy)}bis(ethan-1-ol) [(R,R)-22]
Yield: 917 mg, 98 %; mp: 42-43 °C; R f : 0.07 (silica gel TLC, EtOAc-hexane 1:2); α [ ] D
General procedure for the synthesis of ditosylates (R,R)-23 and (S,S)-23
Diol (R,R)-22 or (S,S)-22 (866 mg, 1.55 mmol) was stirred vigorously in a mixture of CH 2 Cl 2 (15 mL) and cold 40 % aqueous KOH solution (20 mL) at 0 °C, and a solution of tosyl chloride (885 mg, 4.63 mmol) in CH 2 Cl 2 (5 mL) was added dropwise to it. The resulting reaction mixture was stirred at rt for 1 day then washed into a separatory funnel with CH 2 Cl 2 (100 mL) and water (80 mL). The resulting mixture was shaken well and separated. The aqueous phase was extracted with CH 2 Cl 2 (2 × 100 mL). The combined organic phase was dried over anhydrous MgSO 4 , filtered and evaporated. The crude product was purified by column chromatography on silica gel using EtOAc-hexane 1:4 mixture as an eluent to give ditosylate (R,R)-23 or (S,S)-23 as white crystals. 
{[(1R,1'R)-[(Pyren-1-ylmethyl)azanediyl]bis(1phenylethane-2,1-diyl)]bis(oxy)}bis(ethane-2,1-diyl) bis(4-methylbenzenesulfonate) [(R,R)-23]
